The crystal structures of highly thermostable xylose isomerases from Thermus thermophilus (TthXI) and Thermus caldophilus (TcaXI), both with the optimum reaction temperature of 90 C, have been determined by Xray crystallography. The model of TcaXI has been re®ned to an R-factor of 17.8 % for data extending to 2.3 A Ê and that of TthXI to 17.1 % for data extending to 2.2 A Ê . The tetrameric arrangement of subunits characterized by the 222-symmetry and the tertiary fold of each subunit in both TcaXI and TthXI are basically the same as in other xylose isomerases. Each monomer is composed of two domains. Domain I (residues 1 to 321) folds into the (b/a) 8 -barrel. Domain II (residues 322 to 387), lacking bstrands, makes extensive contacts with domain I of an adjacent subunit. Each monomer of TcaXI contains ten b-strands, 15 a-helices, and six 3 10 -helices, while that of TthXI contains ten b-strands, 16 a-helices, and ®ve 3 10 -helices. Although the electron density does not indicate the presence of bound metal ions in the present models of both TcaXI and TthXI, the active site residues show the conserved structural features. In order to understand the structural basis for thermostability of these enzymes, their structures have been compared with less thermostable XIs from Arthrobacter B3728 and Actinoplanes missouriensis (AXI and AmiXI), with the optimum reaction temperatures of 80 C and 75 C, respectively. Analyses of various factors that may affect protein thermostability indicate that the possible structural determinants of the enhanced thermostability of TcaXI/TthXI over AXI/AmiXI are (i) an increase in ion pairs and ionpair networks, (ii) a decrease in the large inter-subunit cavities, (iii) a removal of potential deamidation/isoaspartate formation sites, and (iv) a shortened loop.
Introduction
Xylose isomerase (XI, E.C. 5.3.1.5) catalyzes the reversible isomerization of an aldo sugar D-xylose to a keto sugar D-xylulose in the ®rst step of the xylose metabolism following the pentose phosphate cycle. It also catalyzes the isomerization of Dglucose to D-fructose. This activity of XI makes it a useful enzyme for converting glucose to fructose for the industrial production of high-fructose corn syrup. However, XIs in general have higher K M and lower k cat for D-glucose than for D-xylose Meng et al., 1991) . For instance, in the case of Actinoplanes missouriensis XI, K M values are 5 mM and 290 mM for xylose and glucose, respectively .
The content of the reaction product, i.e. the ratio of D-fructose to D-glucose, cannot be simply changed by protein engineering of the enzyme, since it is controlled by the reaction temperature. The equilibrium between D-glucose and D-fructose is shifted toward D-fructose at higher temperatures. The current isomerization process is operated at 58 C and gives rise to a 40-42 % fructose corn syrup. A chromatographic puri®cation step is necessary to yield the high-fructose corn syrup (with a fructose content of 55 %). When the reaction is carried out at 90 C, however, the isomerization reaction alone, without the chromatographic puri®cation step, is suf®cient to give a fructose content of 55 % (Zeikus, 1996) . Therefore, it is desirable to develop highly thermostable XIs with optimum reaction temperatures reaching 90 C. XIs are grouped into two classes according to their sequence homology (Zeikus, 1996) . Class I XIs include those from Streptomyces species, Actinoplanes missouriensis, Ampullariella species, Arthrobacter species, and Thermus species. Class II XIs include those from Escherichia coli, Bacillus subtilis, and Thermotoga species, and they are distinct in having an extended N-terminal region.
Thermus caldophilus GK24 and T. thermophilus HB8, both growing optimally at 72 C, produce highly thermostable xylose isomerases, homotetrameric enzymes of 387-residue subunits. The xylA genes encoding them were cloned and their gene products were overexpressed in E. coli under the control of lac or tac promoter (Park, 1996) . Their primary structures show 94.3 % identity. They lack the distinctive N-terminal extension and thus belong to class I. Their catalytic activities require manganese, cobalt, or magnesium ions and their optimum reaction temperatures have been determined to be 90 C (Chang et al., 1998 (Chang et al., , 1999 . Therefore, these two highly thermostable XIs have the potential to be useful for the industrial production of high-fructose corn syrup.
Crystal structures of several class I XIs from mesophilic bacteria have been extensively characterized. They include XIs from A. missouriensis, Arthrobacter strain B3728, and Streptomyces species (Allen et al., 1995; Rasmussen et al., 1994; Lavie et al., 1994; Carrell et al., 1984 Carrell et al., , 1987 Carrell et al., , 1994 Cha et al., 1994; Collyer et al., 1990 Collyer et al., , 1992 Blow et al., 1992; Jenkins et al., 1992; Whitlow et al., 1991; Dauter et al., 1990; Farber et al., 1989; Henrick et al., 1989; Rey et al., 1988) . All known structures of class I XIs display a similar tetrameric arrangement. Each subunit contains a common (b/a) 8 -barrel fold in a larger domain and an extended smaller domain. From the analyses of substrate analog-bound structures of XI, the active site has also been well de®ned (Allen et al., 1995; Lavie et al., 1994; Carrell et al., 1989 Carrell et al., , 1994 Cha et al., 1994; Collyer et al., 1990 Collyer et al., , 1992 Whitlow et al., 1991; Farber et al., 1989; Henrick et al., 1989; Rey et al., 1988) . Class II XIs from thermophilic anaerobic bacteria Thermoanaerobacterium thermosulfurigenes and Thermotoga neapolitana, with optimum reaction temperatures of 85 C and 95 C, respectively, were crystallized (Lloyd et al., 1994; Chayen et al., 1997) . But until now no crystal structure has been reported for any class II XI.
Crystal structures of highly thermostable proteins indicated that the key features responsible for the adaptation of proteins to extreme temperatures vary among them (Spassov et al., 1995; Goldman, 1995; . Some of the main stabilizing factors are increased ion pairs and ion-pair networks, tighter intersubunit contacts, a decrease in both the number and the total volume of cavities, and stabilization of N and C termini. Various strategies for protein thermal adaptation have been the focus of recent reviews (Ladenstein & Antranikian, 1998; Vieille et al., 1996) .
Although many XI structures are available, the structural basis for thermostability of highly thermostable XIs is not fully understood. Xylose isomerases from Thermus caldophilus GK24 and T. thermophilus HB8 (TcaXI and TthXI) have higher optimum reaction temperatures than any other XIs whose crystal structures have been reported. Here, we report the models of these two XIs re®ned with X-ray data extending to either 2.2 or 2.3 A Ê resolution. These crystal structures allow a detailed comparison with less thermostable XIs from Arthrobacter strain B3728 and A. missouriensis (AXI and AmiXI), that have optimum temperatures of 80 C and 75 C (Bhosale et al., 1996) , respectively, somewhat lower than the optimum temperature of 90 C for both TcaXI and TthXI. Detailed analyses of a number of factors that may affect protein thermostability indicate that the possible structural determinants for the enhanced thermostability of TcaXI and TthXI are (i) an increase in ion pairs and ion-pair networks, (ii) a decrease in the large inter-subunit cavities, (iii) a removal of potential deamidation/isoaspartate formation sites, and (iv) a shortened loop.
Results and Discussion

Model quality
The statistics for re®nement are summarized in Table 1 . Both models of TcaXI and TthXI tetramers account for all 387 residues in each subunit. In the case of TcaXI, ten extra residues at the N terminus from the expression vector are not visible in the electron density map. The mean positional errors in atomic coordinates as estimated by the Luzzati plot (Luzzati, 1952) are 0.28 A Ê for TcaXI and 0.25 A Ê for TthXI. Both XIs show high B-factors in a protruding region between residues 61 and 68, besides the N and C-terminal regions. Among nonglycine and non-proline residues in the tetramers in each asymmetric unit of both XI crystals, over 99 % of them lie in the most-favored and additionally allowed regions in the Ramachandran plot. In TcaXI, Glu185, Asp246 (except in subunit 2), and Asp344 lie in the generously allowed region. In TthXI, Glu185 lies in the generously allowed region and Arg348 in the disallowed region. Asp344 in TcaXI and Arg348 in TthXI, both located near the protruding end of domain II, are ill-de®ned by the electron density. In both TcaXI and TthXI models, the peptide bond between Glu185 and Pro186 takes a cis-conformation. The presence of a cis-peptide bond at this position and the energetically unfavorable backbone conformation at Glu185 have been observed previously for other XIs (Rasmussen et al., 1994; Whitlow et al., 1991; Dauter et al., 1990; Henrick et al., 1989) . In both models of TcaXI and TthXI, Glu185 interacts with Lys182, a residue known to be involved in substrate binding.
Overall structure
Each monomer of both TcaXI and TthXI comprises two domains: the larger N-terminal domain (domain I, residues 1 to 321), which folds into a (b/a) 8 -barrel, and the smaller C-terminal domain (domain II, residues 322 to 387), consisting of loops and helices (Figure 1(a) ). Domain II extends away from domain I and makes extensive contacts with a neighboring subunit. Each TcaXI monomer contains ten b-strands, 15 a-helices, and ®ve 3 10 -helices (Figure 1(a) ). Besides the b-strands and a-helices common to the basic (b/a) 8 -barrel fold, there are two extra b-strands and two extra a-helices (H3 and H8) in domain I. The two extra b-strands S5 and S7 form an antiparallel b-sheet near the center of the (b/a) 8 -barrel. The TthXI monomer has one more a-helix (H13). This difference occurs in a loop between a-helices H12 and H14 in domain II of TcaXI.
All four subunits in either the TcaXI or TthXI model are essentially identical due to the tight non-crystallographic symmetry (NCS) restraint. When all pairs of four subunits are compared, the r.m.s. deviation for 387 C a atoms between any pair of subunits is 0.03 A Ê for either TcaXI or TthXI. TcaXI and TthXI quaternary structures are characterized by an exact 222 symmetry. Following the convention (Rey et al., 1988) , the axes relating Structure of Thermostable Xylose Isomerase subunits 1 and 3 (or subunits 2 and 4), subunits 1 and 2 (or subunits 3 and 4), and subunits 1 and 4 (or subunits 2 and 3) are called P, Q, and R, respectively.
The most extensive inter-subunit contact is observed in the P dimer, generated by the P axis. This contact is made between domain I of one subunit (helices G2, H5, H6) and domain II of the adjacent subunit. For the P dimer, the subunit interface areas are 4260/4280 A Ê 2 for TcaXI/TthXI. These values correspond to 22 % of the solvent-accessible surface area of the monomer. Q and R dimers have much smaller subunit interface areas (7.5 % and 9.0 %, respectively).
Model comparisons
The structure of TcaXI has been solved by molecular replacement using the AmiXI model as the search model. When the ®nal model is compared with the starting model, the r.m.s. deviation is 1.95 A Ê for 385 C a atoms. The optimum reaction temperatures are 80 C for AXI and 75 C for AmiXI (Bhosale et al., 1996) , respectively. The sequences of these two XIs are more than 50 % identical with TcaXI and TthXI, while they are 67 % identical with each other (Table 2 ). Sequence identities between TcaXI (or TthXI) and XIs from Streptomyces species are only about 30 %. Therefore, our detailed structural comparisons will be limited to the four XIs with sequence identities higher than 50 % (TcaXI/ TthXI/AXI/AmiXI).
The subunit backbone superposition of four XIs is shown in Figure 1 (b). The r.m.s. deviations for the C a atom positions are shown in Table 2 , along with the sequence identities. The largest deviations between different XIs occur for residues 331-349 of domain II and a short region around residue 148 of domain I, where the most signi®cant changes in the secondary structure are observed ( Figure 2) . A large conformational change in domain II occurs just after a two-residue deletion between residues 331 and 332 of TcaXI and TthXI. This conformational difference in domain II alters the subunit interface of the P dimer and thus the pattern of inter-subunit ion pairs. Domain I conformation in TcaXI/TthXI resembles that of AXI/AmiXI for the most part, except in one place where a six/®ve-residue deletion removes a loop/3 10 -helix between residues 277 and 278 of TcaXI/TthXI.
TcaXI crystals were grown without added metal ions such as manganese, cobalt, or magnesium ions, while TthXI crystals were grown in the presence of CDTA. Not surprisingly, the electron density does not indicate bound metal ions. In many XIs of known structure, seven residues (four aspartic acid, two glutamic acid, and one histidine) participate in binding metal ions and three residues (one histidine, one aspartic acid, and one lysine) participate in substrate binding (Allen et al., 1995; Table 2 . Sequence identities and model comparisons Numbers in the upper right-hand corner are sequence identities. Numbers in the lower left-hand corner are r.m.s. deviations in A Ê for C a atom pairs when the whole subunits are compared (top) or when the two domains are separately compared. The numbers of C a atom pairs compared are given in parentheses. Lavie et al., 1994; Carrell et al., 1989 Carrell et al., , 1994 Cha et al., 1994; Collyer et al., 1990 Collyer et al., , 1992 Whitlow et al., 1991; Farber et al., 1989; Henrick et al., 1989; Rey et al., 1988) . Corresponding residues in TcaXI and TthXI are Glu180, Glu216, Asp244, Asp286 for metal 1 binding, Glu216, His219, Asp254, Asp256 for metal 2 binding, and His53, Asp56, Lys182 for substrate binding (Figure 2 
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Amino acid composition
When the amino acid compositions of TcaXI, TthXI, AXI, and AmiXI are compared, there is a clear trend in the variations of amino acid composition. For TcaXI (TthXI), the Arg/Lys, Glu/Asp, Val/Ile, and Pro/Gly ratios are 1.52 (1.42), 2.06 (1.94), 3.43 (3.43), and 0.68 (0.73). For AXI (AmiXI), they are 0.87 (0.84), 1.00 (1.15), 1.20 (1.43), and 0.41 (0.49). Higher ratios of Arg/Lys and Pro/Gly in TcaXI and TthXI re¯ect more of the difference in amino acid composition, rather than the actual substitutions of the latter amino acid with the former. Sequence comparisons indicate that the most frequent changes from AXI to TcaXI (and TthXI) are substitutions of Asp to Glu, Ala to Arg, Gly to Ala, and Ile to Val; those from AmiXI to TcaXI (and TthXI) are Lys to Arg, Asp to Glu, and Ile to Val. Substitutions such as Lys to Arg and Ala to Arg could result in an increase in ion pairs and also in ion-pair networks.
Ion pairs and ion-pair network
Ion pairs are one of the major stabilizing forces for highly thermostable proteins. For example, for the hyperthermophilic enzyme, Pyrococcus furiosus aldehyde ferredoxin oxidoreductase (Chan et al., 1995) , the number of ion pairs per residue is more than twice the average ($0.085 versus. $0.04). The number of ion pairs per residue is de®ned as the difference between the numbers of attractive and repulsive ionic interactions that occur between polar atoms of charged side-chains within 4 A Ê , divided by the total number of residues (Chan et al., 1995) . Numbers of ion pairs per residue are 0.097/0.105/0.059/0.068 for TcaXI/TthXI/AXI/ AmiXI, all higher than the average value. Ion pairs in TcaXI and TthXI are increased compared to AXI and AmiXI. This increase is signi®cant, as differences of similar magnitude have been observed for glutamate dehydrogenases and 3-isopropylmalate dehydrogenases (Ladenstein & Antranikian, 1998; Wollon et al., 1997) . Therefore, ion pairs play a major role in enhancing the thermostability of TcaXI and TthXI over AXI and AmiXI. Due to cooperativity of salt bridges, the estimation of the contribution of these increased ion pairs in energetic terms can be only very crude. Using the value of 0.77 kcal mol À1 for each ion pair in barnase (Ladenstein & Antranikian, 1998) , the increased ion pairs in TcaXI/TthXI amount to stabilization of 33-54 kcal mol À1 relative to AXI/ AmiXI.
The numbers of intra and inter-subunit ion pairs are both increased in TcaXI and TthXI (Table 3 ). The number of intra-subunit ion pairs shows an increase by approximately 40 %, whereas that of inter-subunit ion pairs nearly doubles. Inter-subunit ion pairs for all three dimer axes increase in TcaXI and TthXI. The most pronounced increase is for the number of inter-subunit ion pairs for the dimer axis R; there are 12/16 ion pairs in TcaXI/TthXI, whereas there are 0/4 ion pairs in AXI/AmiXI. In the case of TcaXI and TthXI, inter-subunit ion pairs as well as intra-subunit ion pairs play an important role in the enhanced thermostability. A similar observation has been made in Pyrococcus furiosus citrate synthase (Russell et al., 1997) . In contrast, only the intra-subunit ion pairs were signi®cantly increased for the tetrameric Thermotoga maritima lactate dehydrogenase (Auerbach et al., 1998) .
Some of the additional ion pairs in TcaXI/ TthXI are involved in stabilizing the long loop regions, some of those located at the subunit interface. In the loop region between strand S9 and helix H10 (residues 246-263), ®ve residues are involved in ion pairs in both TcaXI and TthXI, compared with four/two residues in AXI/AmiXI. Arg249 and Arg252 in one subunit form ion pairs with Asp189 of the Q axis-related subunit. Arg258 forms an ion pair with Asp372 and Glu375 of the R axis-related subunit. In another long loop region between helices H1 and H2 (residues 18-34), four/three residues form ion pairs in TcaXI/TthXI, whereas the number of residues involved in ion pairs is zero/one in AXI/AmiXI. Asp27 in one subunit forms an ion pair with Arg60 of the Q axisrelated subunit. It seems that an extra stabilization of long loop regions by ion-pairs and ionpair networks including inter-subunit ion pairs contributes to the enhanced thermostability of TcaXI and TthXI.
The numbers of ion-pair networks are 52/49/ 28/27 for TcaXI/TthXI/AXI/AmiXI tetramers. Twenty-eight of the ion-pair networks in TcaXI and TthXI occur at inter-subunit interfaces, in contrast to only two in AXI and AmiXI. For all four XIs, the most extensive ion-pair network involves six residues. The numbers for six/®ve/four/threeresidue ion-pair networks are 2/6/16/28 for TcaXI, 4/13/10/22 for TthXI, 4/0/6/18 for AXI, and 1/0/7/19 for AmiXI, respectively. Therefore, the increased number of extensive ion-pair networks, especially at the inter-subunit interfaces, appears to enhance the thermostability of TcaXI/ TthXI over AXI/AmiXI.
Potential sites for deamidation and isoaspartate formation
Deamidation and isoaspartate formation have been found to be one of the important processes leading to irreversible heat denaturation of proteins at neutral pH (Ahern & Klibanov, 1985; Aswad, 1990) . Therefore, potential sites for deamidation/isoaspartate formation in TcaXI and TthXI have been examined. In this discussion, we limit our analysis to the three most vulnerable sites: Asn-Gly, Asn-Ser, and Asp-Gly (Aswad, 1990) . Deamidation/isoaspartate formation occurs frequently when these sequences lie in highly¯exible regions of the polypeptide chain.
TcaXI contains two potential sites for deamidation/isoaspartate formation: Asn100-Gly101 and Asn246-Gly247. Both are present in AXI and AmiXI. There is only one potential site for deamidation/isoaspartate formation in TthXI: Asn100-Gly101. Asn246-Gly247 of TcaXI is replaced by Asn246-Asp247 in TthXI. The main-chain B-factors for Asn100-Gly101 and Asn246-Gly247 of TcaXI are 15.6 and 12.8 A Ê 2 , respectively. They are signi®-cantly lower than the overall main-chain B-factor of 25.1 A Ê 2 . Asn100-Gly101 of TthXI has the mainchain B-factor of 5.4 A Ê 2 . This is also lower than the overall main-chain B-factor of 16.1 A Ê 2 . This suggests that the potential sites for deamidation/ isoaspartate formation in TcaXI and TthXI may not readily undergo the chemical changes and thus their presence would have little adverse effect on thermostability. In contrast, both AXI and AmiXI have far more potential sites for deamidation/isoaspartate formation. They are Asp100-Gly101, Asp145-Gly146, Asn246-Gly247, Asn276-Gly277, Asn280-Gly281, Asp299-Gly300, and Asp302-Gly303 for AXI and Asp69-Gly70, Asp101-Gly102, Asn247-Gly248, Asn277-Gly278, Asp280-Gly281, Asp286-Gly287, and Asp302-Gly303 for AmiXI. Among them, Asp302-Gly303 of AXI and Asp69-Gly70, Asn276-Gly277, Asp280-Gly281, Asp286-Gly287 of AmiXI have main-chain B-factors of 26.6, 30.1, 33.3, 38.9, and 19.4 A Ê 2 , respectively, which are higher than the overall main-chain B-factor (24.1 A Ê 2 for AXI and 17.6 A Ê 2 for AmiXI). Thus these sites located in¯exible regions may readily undergo deamidation/isoaspartate formation, leading to thermoinactivation. The present analysis indicates that the potential sites for deamidation/ isoaspartate formation are much fewer in TcaXI and TthXI. Mutations of potential sites for deamidation/isoaspartate formation in hen egg-white lysozyme resulted in greater resistance to irreversible thermoinactivation despite a decrease in the reversible conformational stability (Tomizawa et al., 1995) . Large oligomeric enzymes often do not unfold in a reversible two-state process. Instead they show a tendency to denature irreversibly in the thermal unfolding measurements (Privalov, 1982) . Therefore, we suggest that a removal of potential sites for deamidation/isoaspartate formation in TcaXI and TthXI contributes to their enhanced thermostability.
Surface area and the fraction of buried atoms
The ratio of the observed surface area to the calculated surface area (A o /A c ), as an indicator of the compactness of the structure, has often been considered in analyzing protein thermostability. The theoretical surface area of a protein is de®ned by the equation:
which was derived from a least-squares ®t of log (A o ) as a function of log (N), where A o is the observed surface area and N is the number of nonhydrogen atoms in the protein (Chan et al., 1995) . Observed and theoretical surface areas and their ratios are given in Table 4 . The A o /A c ratios for the tetramer are not signi®cantly different among the four XIs and are not correlated with thermostability. This observation agrees with observations on other proteins such as glutamate dehydrogenase (Knapp et al., 1997) , ecotin (Shin et al., 1996) , glyceraldehyde-3-phosphate dehydrogenase (Korndo È rfer et al., 1995) , and indole-3-glycerol phosphate synthase (Hennig et al., 1995) . However, if the contributions of charged, hydrophilic, and polar residues to the tetramer surface area are compared, an interesting correlation with thermostability is observed (Table 4 ). In the case of TcaXI/TthXI, the contribution from the charged residues (Glu, Asp, Arg, Lys, His) increases, while those from the hydrophobic (Ala, Val, Ile, Leu, Met, Pro, Phe, Trp) and polar (Gln, Asn, Cys, Ser, Thr, Gly, Tyr) residues decrease. A similar trend is also observed in Pyrococcus furiosus glutamate dehydrogenase (Yip et al., 1995; Knapp et al., 1997) .
The number of buried atoms was calculated using a probe radius of 1.4 A Ê according to the algorithm of Lee & Richards (1971) , as implemented in X-PLOR version 3.1. TcaXI has 6858 buried atoms out of 12,400 atoms, TthXI has 6932 out of 12,404, AXI has 6809 out of 12,108, and AmiXI has 6848 out of 12,197. The fractions of buried atoms are 0.55/0.56/0.56/0.56 for TcaXI/ TthXI/AXI/AmiXI. Clearly they are not correlated with thermostability. Similar cases are found in Sulfolobus solfataricus indole-3-glycerol phosphate synthase (Hennig et al., 1995) , P. furiosus glutamate dehydrogenase (Yip et al., 1995) , and ecotin (Shin et al., 1996) . When only hydrophobic residues are considered, TcaXI has 1981 buried atoms out of 6792, TthXI has 2126 out of 6900, AXI has 2045 out of 7056, and AmiXI has 1928 out of 7000. Thus the fractions of buried atoms in hydrophobic residues are 0.292/0.308/0.275/0.289 for TcaXI/TthXI/ AXI/AmiXI. A very small increase is observed for TcaXI and TthXI. However, it is not clear how signi®cant this increase is for thermostability.
Internal cavity
The volume and probe-accessible surface area of cavities have been calculated using a probe radius of 1.4 A Ê with GRASP (Nicholls, 1992) . The total number, volume, and surface area of cavities are 24/22/19/11, 389/373/896/591 A Ê 3 , and 938/887/ 1702/1136 A Ê 2 for TcaXI/TthXI/AXI/AmiXI tetramers. The ratios of the total cavity volume to the volume inside the probe-accessible molecular surface are 0.142/0.136/0.336/0.219 % for TcaXI/ TthXI/AXI/AmiXI tetramers. Each monomer of the four XIs has only a single cavity of very small size (9/8/31/5 A Ê 3 for TcaXI/TthXI/AXI/AmiXI monomers). All cavities in TcaXI/TthXI tetramers are small, whereas some of the cavities in AXI/ AmiXI tetramers are very large. The volume and surface area of the largest cavities in TcaXI/TthXI/ AXI/AmiXI tetramers are 38/30/193/122 A Ê 3 and 74/64/304/207 A Ê 2 . The numbers of cavities larger than 40 A Ê 3 are 0/0/6/7 in TcaXI/TthXI/AXI/ AmiXI. There is a clear correlation between the decreased number of large internal cavities and thermostability. Since intra-subunit cavities are rare in the four XIs, the decreased cavity volumes in TcaXI/TthXI re¯ect the reinforcement of the inter-subunit interfaces through tighter contact.
The energy cost of cavity formation has been estimated to be on the order of 25-60 cal mol À1 A Ê À3 (Ladenstein & Antranikian, 1998) . However, an accurate quanti®cation of the contribution of decreased cavity volumes to thermostability of TcaXI and TthXI in energetic terms is dif®cult. This is due to unsettled questions on the proper probe radius, on whether the energy of cavity creation should be described by the dependence on volume or on surface area, or on how to deal with disordered solvent molecules which may be present but invisible crystallographically. It seems more reasonable to adopt the cavity surface area as a parameter to describe the energy of cavity formation, since cavities of the same volume but with different shapes and thus with different surface areas should not necessarily have the same energy cost. The energy cost of``cavity-creating'' mutations of phage T4 lysozyme could be approximated by a constant term ($2.0 kcal mol À1 ) plus a term that increases in proportion to the size of the cavity. The energy term that increases with the size of the cavity can be expressed in terms of the cavity surface area (20 cal mol À1 A Ê À2 for the probe radius of 1.2 A Ê ; Eriksson et al., 1992) .
Shortened loops and proline residues
Shorter loops may afford proteins some resistance to thermal unfolding, as in thermostable Thermoplasma acidophilum citrate synthase (Russell et al., 1994) . The fractions of residues not belonging to the regular secondary structures (a-helix, b-strand, and 3 10 -helix) are comparable for the four XIs: 41.6/41.6/44.0/43.1 % for TcaXI/TthXI/AXI/ AmiXI. In one place between helix H10 and strand S10, TcaXI and TthXI have a signi®cantly shortened loop due to deletions, compared with AXI and AmiXI. For AXI, six extra residues in this region are not involved in the regular secondary structure and are exposed to solvent. The mainchain B-factor for these residues is 22.3 A Ê 2 , comparable to the overall main-chain B-factor of Accessible surface area was calculated using X-PLOR with a probe radius of 1.4 A Ê .
24.1 A Ê 2 . For AmiXI, ®ve extra residues in this region encompass one 3 10 -helix and are also exposed to solvent. The main-chain B-factor for this region is 32.2 A Ê 2 , much higher than the overall main-chain B-factor of 17.6 A Ê 2 . This¯exible region could decrease AmiXI thermostability. As mentioned above, a two-residue insertion (residues 338 and 339) is present in domain II of AXI and AmiXI, just before the position where a large conformational difference takes place. These two residues have main-chain B-factors of 17.9 A Ê 2 for AXI and 12.0 A Ê 2 for AmiXI, lower than the average, and they are only slightly exposed to solvent. It seems that a deletion of these residues in TcaXI and TthXI would not signi®cantly stabilize their structures.
Compared with AXI and AmiXI, TcaXI and TthXI have approximately ®ve more proline residues. Proline residues unique to TcaXI/TthXI are Pro63, Pro64, Pro137, and Pro360. The backbone conformations of their corresponding residues in AXI/AmiXI are favorable for a proline residue. Proline residues 63 and 64 of TcaXI (or TthXI), located at the N-terminal side of the helix H4, have average B-factors of 56.7 (or 51.3) A Ê 2 . Those of corresponding residues Thr63-Glu64 of AXI and Asp64-Ala65 of AmiXI are 49.3 and 40.8 A Ê 2 . (At position 64, the AXI model has side-chain atoms up to C b only.) In the latter cases, the two residues are stabilized by three or six hydrogen bonds, whereas, in the former cases, the two residues make three or two hydrogen bonds. Average B-factors for Pro137 of TcaXI and TthXI, located in a bturn between b-strands S4 and S5, are 19.2 and 7.8 A Ê 2 . Those for corresponding residues Gly137 of AXI and Gly138 of AmiXI are 16.5 and 11.0 A Ê 2 . Pro360 of TcaXI (or TthXI), located at the N-terminal side of helix H15, has an average B-factor of 28.2 (or 14.0) A Ê 2 . Those for corresponding residues Asp368 of AXI and Asp368 of AmiXI are 35.2 and 27.6 A Ê 2 . In the case of Bacillus oligo-1,6-glucosidase, proline residues occurring at second positions of b-turns and at N1 positions of a-helices were found to play a favorable role in protein thermostability (Watanabe et al., 1997) . The location of the four unique proline residues in TcaXI and TthXI suggests that these proline residues may confer additional thermostability but their role in enhancing thermostability is probably minor owing to their small number.
Hydrogen bonds and helix capping
For the analysis of hydrogen bonds, hydrogen atoms have been generated using X-PLOR. Then a hydrogen bond has been assigned if the donoracceptor distance is shorter than 3.5 A Ê and if the donor-hydrogen-acceptor angle is greater than 90
. These cut-off limits are identical with those from Shirley et al. (1992) . The bifurcated or threecenter hydrogen bonds were counted only once (Martinez-Oyanedel et al., 1991) . The total numbers of hydrogen bonds in the tetramer are 1675/1785/ 1805/1813 for TcaXI/TthXI/AXI/AmiXI. Those between main-chain and main-chain atoms are 1128/1125/1101/1079; those between main-chain and side-chain atoms are 339/347/452/464; those between side-chain and side-chain atoms are 208/ 313/252/270. A slight increase in the number of hydrogen bonds between main-chain and mainchain atoms for TcaXI/TthXI is not likely to be a major contributing factor to the greater thermostability of TcaXI and TthXI.
The effect of helical capping on the stability of ahelices has been investigated by protein engineering (Fersht & Serrano, 1993) . When residues at both N and C termini of a-helices are classi®ed as stabilizing or destabilizing according to Fersht & Serrano (1993) , no signi®cant difference is found among the four XIs. Thus helical capping cannot explain the additional stability of TcaXI/TthXI over AXI/AmiXI Cysteine residues and disulfide bonds Both TcaXI and TthXI monomers have a single cysteine residue at position 305 that is not involved in a disul®de bond in the tetramer. No cysteine residue is present in both AXI and AmiXI. Therefore, the number of disul®de bonds or cysteine residues has no correlation with the enhanced thermostability of TcaXI/TthXI.
Materials and Methods
Crystallization and X-ray experiments
Biochemical characterization, crystallization, and preliminary X-ray data of TcaXI and TthXI have been reported elsewhere (Chang et al., 1998 (Chang et al., , 1999 . The recombinant TcaXI has ten extra residues from the expression vector at the N terminus, whereas the recombinant TthXI has none at either terminus. X-ray data collection has also been described (Chang et al., 1998 (Chang et al., , 1999 . Crystals of both XIs belong to the orthorhombic space group P2 1 2 1 2 1 , with unit cell dimensions of a 84.35 A Ê , b 123.60 A Ê , c 140.24 A Ê for TcaXI and a 73.34 A Ê , b 144.05 A Ê , c 155.07 A Ê for TthXI, respectively. In both crystals, the asymmetric unit contains the whole tetramer.
Structure determination
The program X-PLOR version 3.1 (Bru È nger, 1992) was used for molecular replacement calculations. Re¯ections with F o > 2s were used throughout the molecular replacement. A search model for TcaXI was the tetrameric model of AmiXI re®ned at 2.3 A Ê resolution (Protein Data Bank ID code 5xin). The re®ned tetramer model of TcaXI (R-factor being 17.8 % for 49,882 re¯ections to 2.3 A Ê resolution with r.m.s. deviations from ideal stereochemistry of 0.009 A Ê for bond distances and 1.00 for bond angles) was used as a search model for TthXI.
The probe structure factors were calculated from the search model placed in an orthogonal unit cell with dimensions of a 120 A Ê , b 150 A Ê , c 150 A Ê . The rotation function search was carried out using a Structure of Thermostable Xylose Isomerase maximum Patterson radius of 45 A Ê with a step size of 2.5 in the resolution range of 15-4.0 A Ê . In the case of TcaXI, a rigid-body Patterson correlation (PC)-re®nement (Bru È nger, 1990 ) was then performed on 67 orientations produced by the above cross-rotation search for the 10-3.5 A Ê data. The PC-re®nement gave a clear rotation function solution of y 1 239.3 , y 2 44.7 , y 3 211.1 in Euler angles. Next, the translation function calculated using the 15 -4.0 A Ê data yielded the translation solution as x 12.28 A Ê , y 11.97 A Ê , z 61.58 A Ê in orthogonal coordinates. After being oriented and positioned as the above solution, the model gave an R-factor of 45.5 % for the 15-4.0 A Ê data. In the case of TthXI, a PC-re®nement performed on 189 orientations gave the rotation function solution of y 1 274.5 , y 2 35.0 , y 3 324.7 in Euler angles. Then the translation function for this orientation gave a clear solution of x 25.74 A Ê , y 62.92 A Ê , z 25.18 A Ê in orthogonal coordinates. After being oriented and positioned as the above solution, the model gave an R-factor of 37.8 % for the 15-4.0 A Ê data. Before re®ning the atomic positions, the four subunits of TthXI were made identical by transforming the ®rst subunit into the rest.
The program X-PLOR version 3.1 or 3.843 (Bru È nger, 1992) was used for all re®nement calculations. Re¯ec-tions with F o > 2s were included throughout the re®ne-ment calculations. Isotropic B-factors for individual atoms were initially ®xed to 15 A Ê 2 and were re®ned at the last stage. NCS restraints with an energy barrier of 300 kcal mol
À1
A Ê À2 between the four subunits were maintained during re®nement of the TcaXI model. In the case of TthXI, a strict NCS constraint among the four subunits was initially maintained and was relaxed during the last stage of re®nement, when an NCS restraint with an energy barrier of 300 kcal mol À1 A Ê À2 was applied among the four subunits.
During each stage of the re®nement, the map ®tting and model rebuilding were performed with the graphics program CHAIN version 5.5 (Sack, 1988) , running on a Silicon Graphics Indigo2 XZ workstation. In the model building of TcaXI, the NCS-averaged 2F o À F c map from RAVE (Jones, 1992) was used for interactive graphics jobs except for the last stage of re®nement, when unaveraged 2F o À F c and F o À F c maps were used. To generate an averaged map, the map from X-PLOR version 3.1 was converted to the CCP4 format using MAPMAN (Jones, 1992) , and the solvent masks were calculated using MAMA (Jones, 1992) . In the case of TthXI, unaveraged 2F o À F c and F o À F c maps were suf®cient for model rebuilding. At each stage of the model building and re®nement, the stereochemistry of the model was assessed by the program PROCHECK (Laskowski et al., 1993) . Secondary structure elements were deduced using PROMOTIF (Hutchinson & Thornton, 1995) . Structural comparisons and calculations of probe-accessible surface area and r.m.s. deviations were carried out using the program X-PLOR version 3.1. For the calculations of cavity volume and molecular volume, the program GRASP (Nicholls, 1992) was used.
Atomic coordinates
The coordinates for the AXI dimer model were taken from the Protein Data Bank (Bernstein et al., 1977) : 1did. The tetramer model was generated using the crystallographic symmetry operation. The coordinates for the tetramer model of AmiXI were taken from the Protein Data Bank: 5xin. The model of AXI has been re®ned at 2.5 A Ê to an R-factor of 14.9 % (Collyer et al., 1990) , and the AmiXI model at 2.3 A Ê to an R-factor of 15.2 % .
Proten Data Bank accession number
The atomic coordinates and structure factor data have been deposited with the Protein Data Bank, Brookhaven (accession codes 1bxc for TcaXI and 1bxb for TthXI).
